Abstract Annealing temperature has pronounced effect on DSSC performance. ZnO nanoparticles photoelectrodes were prepared on FTO glass and annealed at different temperatures in the range 200-500°C. The thermal properties of the paste were studied using DTA/TG technique which revealed that no changes are expected at temperatures higher than 350°C. Electrical properties of the DSSCs using ZnO nanoparticles photoelectrodes annealed at different temperatures were studied using I-V characteristic and electrochemical impedance spectroscopy (EIS). The surface area and dye loading increased as the annealing temperature increased up to 350°C. The electrical properties are found to be dependent on the photoelectrode annealing temperature. Annealing temperatures higher than 400°C resulted in a decrease in current density. The highest value of current density Isc (15.6 mA/cm 2 ), open circuit potential Voc (0.55 V) and efficiency (3.01%) is achieved at annealing temperature of 400°C.
Introduction
Photovoltaic technology provides clean and renewable energy that can reduce the world's dependency on fossil fuels. Dye sensitized solar cell (DSSC) is one of the choices because of its low cost fabrication and potential application for flexible devices (Ribeiro et al., 2009) . DSSC is a new type of metal-oxide wide-band-gap solar cells. It composes of dyemodified wide band gap semiconductor photoelectrode, a counter electrode and an electrolyte containing a redox (Raksa et al., 2009) . A common photoelectrode material in DSSCs is TiO 2 nanoparticle film on transparent conducting oxide (TCO) layers (Chiba et al., 2006) . The popularity of this material is due to its adequate surface area and chemical affinity for dye adsorption as well as its suitable energy band potential for charge transfer with dye and electrolytes (Bandara et al., 2005) .
ZnO-based DSSCs have been exploited as an alternative to TiO 2 based one. ZnO nanostructures have shown the unique multifunctional properties with high exciton binding energy (60 meV), low resistivity, non-toxicity, high transparency in the visible range and high light trapping characteristics (Caglar et al., 2009) . External quantum efficiencies using purely ZnO as the active material has generally been below 3% but with some dye-sensitized solar cells using liquid electrolytes it was reported to be above 5%. The highest reported efficiencies to date were from combinational structures at 7.07% for ZnO nanosheets with TiO 2 nanoparticulate coating which is approaching the $11% efficiency level of TiO 2 nanoparticlebased DSSCs (Chiba et al., 2006; Keis et al., 2002; Loh and Dunn, 2012) .
ZnO-based DSSCs are still challenging and need to be studied further so that their photovoltaic properties can be improved. For example, suitable electrolyte and dye materials need to be developed, and the fabrication parameters and design of the nanostructure need to be optimized, which is essential for maximizing the energy conversion efficiency (Kakiuchi et al., 2006; Rao and Dutta, 2008) . The effect of the morphology, thickness and presence of aggregates of nanostructured ZnO films on the efficiency of dye-sensitized solar cells was studied by Giannouli and Spiliopoulou (2012) while Chang et al. (2012) reported the optimization of dye adsorption time and film thickness for efficient ZnO dye-sensitized solar cells with high at-rest stability.
ZnO dye-sensitized solar cells (DSSCs) with different photoelectrode nanostructures were studied. The main nanostructural forms of ZnO developed during the past several decades include nanoparticles, nanorods, nanotubes, nanobelts, nanosheets and nanotips. Considerable efforts have been devoted to the synthesis of one dimensional structures such as rods or wires (Lai et al., 2011; Kang et al., 2008; Jennings et al., 2008; Xu et al., 2010) and nanotubes (NTs) (Martinson et al., 2007; Yang et al., 2012) to significantly enhance the electron transport speed in the photoelectrode as they provide a direct conduction pathway for the rapid collection of photo generated electrons. Yang et al. (2009) studied the effects of ZnO and TiO 2 buffer layers on ZnO nanowire-based dye-sensitized solar cells (DSSCs). Raksa et al., 2009 studied the effect of CuO layer as a barrier layer toward power conversion characteristics.
Due to the instability of ZnO in acidic dyes (Pugliese et al., 2013) , alternative type dyes provide a new pathway for improving the performance of ZnO dye-sensitized solar cells. Various types of dyes include heptamethine-cyanine dyes for absorption in the red/near-infrared (IR) region (Matsui et al., 2005) , and unsymmetrical squaraine dyes with deoxycholic acid, which increases photo-voltage and photocurrent by suppressing electron back transport (Hara et al., 2003) . Wu et al., 2007 reported that a mercurochrome (C 20-H 8 Br 2 HgNa 2 O) sensitizer is more suitable than the currently used Ru(dcbpy)2(NCS)2 (N3) dye for ZnO nanorod-based DSSCs. Guille´n et al., 2008 used Eosin Y, Eosin B and Mercurochrome to compare their performance to that of the more common N719 dye and reported that these dyes efficiently sensitize commercial ZnO nanopowder and yield efficiencies that are very competitive with respect to those provided by N719. The annealing temperature of photoelectrode layer is critical for improving the energy conversion efficiency of ZnO-based DSSCs (Noh et al., 2008) . It is well known that annealing removes impurities and improves crystallinity of ZnO nanoparticles without influencing its Wurtzite phase (Matsui et al., 2005) . The improved crystallinity and reduced grain boundary regions improve charge transport but they affect the solar cell efficiency in opposite ways. The surface area of the semiconductor decreases with increasing grain growth leading to lower dye adsorption in DSSC's which results in lower charge generation efficiency. This finding illustrates the need for extensive studies on optimization of ZnO photoelectrode heating temperature for improving ZnO-based DSSC performance.
In this work, the effect of the annealing temperature of ZnO nanoparticle layers on the performance of DSSCs is investigated. The annealing temperature's influence on the charge transport property of ZnO-based DSSCs is studied through electrochemical measurements and electrochemical impedance spectroscopy (EIS) analysis.
Experimental details

Nanopowder synthesis
ZnO nanoparticles were prepared using a method described in our previous work (Alkahlout, 2012) . A 0.5 M/L methanolic sol. of zinc acetate dihydrate, reagent Zn(CH 3 COO) 2 .2H 2 O (ACROS) was left under stirring overnight. A 3 M aqueous solution of sodium hydroxide (NaOH) was added drop wise to the solution under vigorous stirring forming a white suspension that was left under stirring for 12 h at room temperature. The pH value of the solution, measured using a pH meter, METTLER TOLEDO InLab Expert Pro, was adjusted to 12. The white slurry was washed with extra methanol to remove the precursor material and dried in air at 100°C for 12 h. The powder was grinded using a hammer mill to reduce the size of the agglomerates until obtaining a fine powder.
Paste, layer deposition and sensitization
2 g of ZnO nanopowder was wetted with 0.2 g of polyethylene glycol (PEG 400). The obtained paste was dispersed mechanically in mortar until a very soft uniform paste was obtained. A 5 mL of ethanol was then added to the paste to obtain a suitable viscosity for the coating preparation.
ZnO paste was deposited on fluorine-doped SnO 2 -(FTO)-coated glass substrates using the ''doctor blade'' technique to form 0.5 · 0.5 cm layers. The layers were dried at 100°C for one hour, followed by heating in air at various temperatures ranging from 200 to 500°C.
The dye sensitization was carried out by dipping the electrodes into a solution of 0.5 mM of Ruthenium535 (Solaronix), known as N3, in ethanol for a few hours. The layers were immersed in the dye solution while they were still warm to enhance the coloration and to prevent the capillary condensation of water vapor from ambient air inside the nanopores of the film. The thickness of the layers was measured using a Profilometer, P10 surface Profiler, TENCOR.
Cell assembly and characterization
To assemble the solar cells, a Pt-coated conducting glass was placed on the ZnO photoelectrode separated by a 10 lm thin membrane spacer. The assembled cell was then clipped together. The electrolyte, consisted of a mixture of acetonitrile (ACN, C 2 H 3 N from Sigma-Aldrich) and propylene carbonate with a ratio of 20:80 vol.% respectively, and a redox system based on the iodine/triiodide system, 0.5 M lithium iodide anhydrous LiI (Flucka Chemika) and 0.05 M iodine I 2 (Flucka Chemika), were injected into the open cell from the edges by capillarity.
The morphologies of photoelectrode surfaces were characterized by scanning electron microscopy (SEM, JEOL JSM-7000), and the BET surface areas and pore size distributions of the layers were determined using a Brunauer-Emmett-Teller (BET, Quantachrome NOVA 4200e).
To measure the adsorbed amount of N3 dye on the ZnO films, the dye was desorbed by immersing the dye sensitized films in an 0.1 M NaOH solution in water and ethanol (with volume ratio of 1:1). An ultraviolet-visible-near-infrared spectrophotometer (UV-VIS-NIR, Perkin Elmer Lambda 900) was employed to measure the dye concentrations of the desorbed-dye solutions.
The thermal properties of the paste have been determined by differential thermal analysis and thermal gravimetry analysis (DTA/TG) using a Netzsch STA 449 C Jupiter instrument. 33.3 mg of the paste was heated in synthetic air in an Al 2 O 3 crucible up to 500°C at a heating rate of 2 K/min.
Photovoltaic properties of solar cells were characterized using an EG&G Princeton Applied Research Potentiostat/ Galvanostat model 273. The illumination source was a 450 W Xenon lamp from Mueller Electronik Optik with an intensity of 200,000 Lux as measured by a light Meter Voltcraft LX-11008. As the performance of DSSC is greatly influenced by many factors, many sets of samples were tested separately and for each annealing temperature, the cell was tested many times (more than 10 times) to ensure that the obtained results are reproducible and valid.
Electrochemical impedance spectroscopy (EIS) was performed using a Solartron 1287A coupling with a Solartron 1260FRA/impedance analyzer to investigate the electronic and ionic processes in the DSSCs.
Results and discussions
Structure and morphology of the coatings
The XRD data of powder synthesized at room temperature is shown in Fig. 1 . The pattern shows that the powder is highly crystalline and that its structure is in accordance with the typical Wurtzite hexagonal structure (JCPDS No. 0036-1451 WL 15406 Hexagonal-03 24982) . The XRD data of the coatings (not shown) is not different from those of the corresponding powder as they also show the Wurtzite hexagonal structure. The crystallite size calculated for the (1 0 0), (0 0 2) and (1 0 1) peaks is about 20 nm. Neither changes in the structural phase nor the crystallinity are observed by increasing the heating temperature because the layers were deposited from already highly crystalline ZnO nanoparticles. Same conclusion is reported by Teesetsopon et al. (2012) .
SEM pictures of ZnO layers sintered at different temperatures are shown in Fig. 2 . The thicknesses of the films are found to be about 15 lm. All samples, regardless of heating temperatures, consist of nanoparticles $30 nm in thickness (see inset of the figure). Clearly, the top surface of the films has a macro porous structure. Image of layer heated at 200°C (Fig. 2a) shows nonhomogeneous aggregates with loosely packed nanoparticles dispersed in organic medium. The layers sintered at 300 and 400°C (Fig. 2b and c) show a homogeneous distribution of closely packed, aggregated nanoparticles. Sintering temperature of the layer is found to affect the particles size and porosity of the layers where sintering the layer at high temperatures helps the growth of the oxide particles reducing the grain boundary (Fig. 2d) . The decrease in layer porosity may be attributed to degradation and removal of the organic species of the binder used in preparing the paste. The particles growth and reduced grain boundary regions affect the solar cell efficiency in two different ways. The surface area of the semiconductor is reduced with increased grain growth leading to lower dye adsorption in DSSC resulting in lower light harvesting. On the other hand, reduction of dangling bonds due to reduced grain boundaries improves charge collection efficiency. Hence, optimization of the grain growth and the reduction of dangling bonds are required to improve DSSC efficiencies. Teesetsopon et al. (2012) reported that sintering of ZnO nanoparticles occurs as annealing temperature was increased from 350 to 450°C which was attributed to the mass transport between connecting particles.
Thermal properties of ZnO paste (DTA/TG)
Typical differential thermal analysis and thermal gravimetry spectra obtained for a ZnO paste prepared as described above are shown in Fig. 3 . The curve shows three distinct features. The first is a well defined endothermic peak observed in the temperature range below 100°C with its maximum at 50°C. It is accompanied by a mass loss of about 5.5 wt.%. This endothermic peak indicates essentially the evolution and removal of physically adsorbed H 2 O due to drying of the paste. The second feature of the DTA curve is strong exothermic peak in the temperature range 170-350°C with maximum at 257°C. This feature is accompanied by the main mass loss (about 35 wt.%) which is attributed to the decomposing and combustion of PEG 400 used in preparing the paste. The final feature is a small peak centered at 292.5°C which is due to the condensation of the layer. A net weight loss of 40 wt% accompanied the whole heating process, which is almost the same concentration as the PEG 400 used in the paste. No further changes are observed at temperatures higher than 350°C. This indicates that decompositions and combustions of the organic bonds of PEG and the transformation into ZnO are complete at this temperature.
Dye loading
The absorption spectra in the visible region of samples heated at different temperatures are shown in Fig. 4 . The absorption of the samples increases by increasing the heating temperature from 200 up to 350°C, then decreases again at higher temperatures. Based on the experimental data shown in the UV-Vis absorption spectra, the amount of dye loaded on each layer is estimated to be 1.5 · 10 À7 , 2.5 · 10 À7 , and 1.4 · 10 À7 mol/ cm 2 for the samples treated at 200, 350 and 500°C, respectively. This was expected as a result of the changes in surface morphology. As shown in Fig. 2a , the structure of samples sintered at low temperature is rough and porous but in spite of that the layer content of the organic species is high which prevents good adsorption of dye molecules on the surface of the oxide nanoparticles which explains the low amounts of loaded dye on photoelectrode sintered at this temperature. By increasing the heating temperature the organics are consumed and particles are expected to have larger surface area (Fig. 2b) , which is more convenient for dye loading where the highest amount of loaded dye is found for layers sintered at 350°C. Layers which are sintered at temperature higher than 350°C have more compact structure with less pores (Fig. 2c and d) and lower surface area when compared with layers sintered at lower temperatures which lower the amount of loaded dye leading to low absorption of these layers. These results indicate that 350°C is the optimum temperature for getting the highest amount of dye loading. The increase in dye loading could result in a better light harvesting and a higher photocurrent conversion efficiency of the device, which is obvious from the results in Table 1 . 
BET surface area
The nitrogen adsorption/desorption isotherms at 77 K and BET surface area of samples heated at different temperatures starting from 200 to 500°C are presented in Fig. 5a and b. All samples have similarly shaped hysteretic behaviors. The isotherm of the sample heated at 300°C has the largest inflection for the nitrogen adsorption volume at P/Po = 0.9. The value decreased by increasing the heating temperature. This result reveals that samples heated at 300°C are more porous than samples heated at other temperatures. The determined BET surface area was found to increase from 18 to 26.2 m 2 /g by increasing annealing temperature from 200 up to 300°C. It then started to decrease by increasing the annealing temperature to reach 15.08 m 2 /g at 500°C. Large surface area implies large exposed active region for the electrochemical reaction, which means that large amount of dye is loaded on ZnO nanoparticles. This is in agreement with the result obtained from dye loading in Section 3.3 where the dye loading increases by increasing temperature up to 350°C then started to decrease again by increasing the sintering temperature due to particle growth which reduces the surface area leading in turn to decrease in dye loading.
Electrochemical characterization
Current-Voltage (I-V) characteristics under light illumination is used to determine the electrical properties of DSSC, namely, open circuit voltage (Voc), short circuit current density (Jsc) and cell efficiency (g). 2 at 400°C with an increase in the efficiency from 1.07% to 3.01%. Photoelectrodes annealed at low temperature contain many impurity sites and imperfections due to residual organics used in paste preparation. These defects and impurities lower dye adsorption due to lack in surface area available for dye loading. By increasing the annealing temperature the organics are burned out and the surface area of ZnO nanoparticles available to dye loading increases up to 350°C (see Section 3.3). This increases light harvesting at the photoelectrode which in turn increases short circuit current density. By further increasing annealing temperature to 400°C, grain growth occurs resulting in better connection between photoelectrode particles. The obtained higher current density is thus attributed to a better charge collection caused by lowering charge scattering at the grain boundary interfaces of the ZnO nanoparticles. At this temperature (400°C) the highest current density is obtained. By increasing the heating temperature higher than 400°C the current density decreases to reach a value of 1.47 mA/cm 2 at 500°C with efficiency of 1.47%. Obviously, the considerable decrease of the short-circuit current density Jsc for layers annealed at temperatures higher than 400°C is attributed to the decrease of light harvesting of the ZnO photoelectrode due to the decrease in surface areas of the particles provided for dye adsorption. This is confirmed through measuring the dye loading level (see Section 3.3) and BET surface area (Section 3.4). The main changes of the efficiency of photoelectrodes heated at different temperatures are coming from the changes of the photocurrent density, while a minimal change of the open circuit voltage is observed where it increases from 545 mv at 200°C to 573 mv at 500°C. For photoelectrodes heated at low temperature the injected electrons from dye to conduction band of ZnO recombine in the defect sites quickly and hence the electron density in the conduction band of the ZnO becomes less which results in lower Voc. By increasing the annealing temperature, defects and impurities are removed and Voc increases. In addition, the fill factor of the DSSC is found to be dependent on the heating temperature of ZnO photoelectrode. It increases by increasing the temperature up to 400°C then decreases at higher temperatures. The lower FF implies that the photoelectrons in the photoelectrode are easy to back react with I À 3 in the electrolyte which will be discussed in Section 3.6.
These results are in agreement with the results reported by Teesetsopon et al. (2012) for ZnO nanoparticles-DSSC while an optimum annealing temperature of 350°C has been obtained for the maximum ZnO nanorods-DSSC performance (Kyaw et al., 2009) . It was attributed to better crystallinity and defect removal of the photoelectrode. Kao et al. (2010) studied the effect of annealing temperature on nanocrystaline ZnO-DSSC in the temperature range 100-300°C. They attributed to the improvement in cell performance with increasing annealing temperature to the increase in pore size and surface area of ZnO improving the absorption of N3 dye onto the films.
EIS spectroscopy
Electrochemical impedance spectroscopy (EIS) is very useful to understand the inner resistance and charge transfer kinetics of DSSCs. The electron transport properties of the DSSCs with ZnO photoelectrodes annealed at different temperatures were investigated by electrochemical impedance spectra. Fig. 7 shows the Nyquist plots of the impedance data of ZnO-DSSCs at the applied bias of Voc. By analyzing the data through software by Zahner the equivalent circuit that fits the results is shown in the inset of Fig. 7 . According to the model proposed by Wang et al. (2005) and Al Dahoudi et al. (2012) for TiO 2 based DSSC, the impedance due to the electron transfer from the conduction band of the photoelectrode to the triiodide ions in the electrolyte is represented by a semicircle in the intermediate-frequency regime. The transport resistance is shifted to lower values for photoelectrodes heated at lower temperatures. The lifetime of each electron is estimated from the frequency of the maximum peak of the semicircle. Correspondingly, the characteristic frequency is shifted to higher values for the samples annealed at lower temperatures, suggesting the electron life time is shortened. This shift can be ascribed to a difference in the local I À 3 concentration. The low transport resistance and short lifetime of layers annealed at low temperatures are due to the high recombination rate which is attributed to the increase in penetration of the redox couples in the pores of the photoelectrode (Hsua et al., 2008) where the recombination centers are close to the surface of the nanoparticles. Kang et al. (2007) reported that a lower lifetime for a mesoporous structure is attributed to its larger surface area, which is proportional to the charge recombination between the injected electrons and the redox species where many defect states are induced by an increased surface area. Such defect states provide many pathways by which charge recombination can occur within the interfaces.
The samples annealed at higher temperatures show longer life time which may be attributed to easier electron transfer within the photoelectrodes and subsequent easier charge transfer at the photoelectrode/FTO interface due to the relatively dense structure and better connections between particles in the photoelectrodes, which are beneficial for electron transport.
Conclusions
The impact of annealing temperature of ZnO nanoparticles photoelectrode on the photovoltaic performance of dye-sensitized solar cell (DSSC) was studied in the temperature range 200-500°C in order to improve its performance. Increasing the heating temperature up to 350°C improved the dye loading through the increase in particles surface area. At temperature higher than 350°C particles grow and the photoelectrode layer became denser which decreased the surface area and lowered the amount of loaded dye. On the other hand heating the layers at high temperature improved the charge transport due to better connection between particles. I-V characteristics of the DSSCs with ZnO photoelectrodes heated at different tem- peratures showed that 400°C is the optimum temperature where the cell performance is improved (efficiency of 3.01%) due to the high photocurrent density (15.6 mA/cm 2 ) facilitated with more dye adsorption and better charge transport channel with less charge recombination at FTO/ZnO/electrolyte. These results indicate that overall performance in DSSC was obtained by optimizing heating temperature.
